Helicity dependent cross sections σ 1/2 , σ 3/2 , and the polarization observable E for π 0 , π 0 π 0 , and η photoproduction from quasi-free protons and neutrons in the second and third nucleon resonance region were measured for the first time at the electron accelerator facility MAMI. Different methods for the extraction of the observables were used to determine the systematics of the measurements. The results will provide stringent constraints on the resonances that contribute to the excitation spectrum of the nucleon and will clearly help to improve its theoretical understanding.
Introduction
The properties and the excitation spectrum of the nucleon are intensively used to explore the strong interaction in the low and medium energy range where pertubational methods are not applicable. Promising results from Lattice QCD and phenomenological quark model exist, but are yet in an early state. The intense experimental efforts for studying nucleon resonances with meson photoproduction provide a prime tool for the understanding of the structure of the nucleon. Nevertheless, the agreement between theoretical predictions and experimental results is sparse, especially at higher excitation energies where many more and in particular higher lying states are predicted than observed. As still most of the results stem from experiments on the proton, which tells nothing about the isospin structure of the electromagnetic transitions, experiments on neutrons are an inevitable ingredient for the understanding of the excitation spectrum of the nucleon. In the last decades a lot of improvements were made on the experimental side, allowing for high statistics and efficient measurements with unpolarized and polarized photon beams and target nucleons. The possibility of measuring single and double polarization observables finally help to confine the degrees of freedom.
Compared to the proton, measurements from the free neutron are not feasible and hence rely on the measurement on light nuclei, in particular 2 H or 3 He. However, bound nuclei exhibit Fermi motion which results in a loss of experimental resolution. In addition, the results might be influenced by nuclear effects, such as nucleon-nucleon or meson-nucleon final state interaction. Influences from Fermi motion can be removed by a kinematical reconstruction of the final state, final state interactions (FSI) can be investigated by the comparison of the results from the free to those from the quasi-free proton. Such investigations have been recently made for π 0 [1], 2π 0 [2] , ηπ 0 [3] , ηπ + [3] and η [4] [5] [6] photoproduction from quasi-free nucleons bound in light nuclei. Whereas no severe FSI effects were observed for η photoproduction, the difference between free and and quasi-free data for the other reactions ranges from 10% (ηπ + ) to 35% (π 0 ). For all reactions, significant differences were found between the results on the proton and the neutron. In particular, the bump-like structure in the η photoproduction cross section on the neutron, that is not visible on the proton, attracted a lot of attention.Various explanations from the theory side are available but no final conclusion was drawn. The measurement of the polarization observable E (respectively the helicity dependent cross sections σ 1/2 and σ 3/2 ) will clearly help to put tight limits on the interpretation and understanding of the different observations.
Experimental Setup and Data Analysis
The data were taken at the tagged photon beam of the MAMI electron accelerator facility. The detector setup consisted of the Crystal Ball and TAPS electromagnetic calorimeters and different plastic scintillators that were used to discriminate between neutral and charged particles. A circularly polarized photon beam and longitudinally polarized deuterated butanol target was used. Additional data were taken using the identical setup with a carbon foam target for the determination of the background contribution from reactions on unpolarized carbon and oxygen nuclei in the deuterated butanol target. In the first analysis step, the different clusters of deposited energy in the calorimeters were classified as neutral or charged according to the information from the charge sensitive detectors. Subsequently, a χ 2 analysis was performed in order to find the best combination of neutral clusters that originate from the meson. For the reaction on the neutron, the remaining neutral hit was assigned to the neutral candidate. The following steps mainly include cuts on the reaction kinematics, such as the meson-nucleon coplanarity, the nucleon missing mass, and the invariant mass, resulting in a very clean identification of the reaction and the different contributing particles. Experimental and simulated data with a liquid deuterium target were used to determine the analysis procedure. The double polarization observable E is defined as:
where σ 1/2 is the cross section for the events with anti-parallel (↓↑, total spin 1/2) beam and target spins and σ 1/2 is the cross section for the parallel (↑↑, total spin 3/2) configuration. The cross sections were calculated from the count rate N i , the flux of the events of spin configuration i, φ i , the product of beam and target polarization p = p γ · p T , and the normalization factor containing target density, detection efficiency and branching ratio of the reaction, n. Three (two) different versions were used to extract the double polarization observable E for π 0 , π 0 π 0 (η) photoproduction. For version 1, the asymmetry was normalized with twice the unpolarized cross section σ unpol , as measured with a liquid deuterium target, according to
Since the unpolarized background cancels in the difference of the two helicity states, no carbon subtraction was necessary for this version. In version 2, the normalization of the numerator, i.e., of the asymmetry, was done using the sum of the two spin configurations σ Σ = σ 1/2 + σ 3/2 . In this method, the background contributions from unpolarized carbon and oxygen nuclei inside the deuterated butanol target have to be subtracted properly. For this purpose totally normalized missing mass spectra were used to check the contribution of the unpolarized background. For every energy and angular bin the carbon was then subtracted from the deuterated butanol data, resulting in a clean sample of events from reactions on polarized protons and neutrons. The obtained polarization observable from version 1 and 2 were used to determine the helicity dependent cross sections via σ unpol (1 + E). In the third version, the sum and the difference of the two helicity states was used to directly calculate the double polarization observable. In version 3 for E (only π 0 and π 0 π 0 ), the helicity dependent cross sections were determined directly according to
and the carbon contribution is subtracted as explained before. All different extraction versions for the double polarization observable E and the helicity dependent cross sections are summarised in Tab. I. Table I . Different versions for the extraction of the double polarization observable E and the helicity dependent cross sections σ 1/2 and σ 3/2 . σ P is the carbon subtracted sum of the two helicity states, whereas σ ∆ is the difference of the two helicity states. [10] . Solid orange line: MAID model [7] . Solid magenta line: BnGa model (neutron: [11] , proton: [12] ). All results preliminary.
Results
The preliminary results for the double polarization observable E and the helicity dependent cross sections are shown in Figs. 1, 2 , and 3 for π 0 , 2π 0 , and η photoproduction, respectively. The polarization observable E is always shown left-hand side column, the helicity dependent cross section σ 1/2 is shown in the middle figure, and σ 3/2 is shown on the right-hand side. The results for the quasi-free proton (top row) and the neutron (bottom row) are compared to model predictions by MAID, BnGa, and SAID. Whereas the statistical errors are given by the error bars, the systematic uncertainties are shown as grey histogram. The latter contain the differences of the different methods used for the extraction of the observables, as well as the beam and target polarizations. For the π 0 and 2π 0 reactions, the different extraction versions are in nice agreement. For the η analysis, a small deviation for energies below 1.6 GeV is visible for the results on the proton. Previous analyses [6] showed that this region is extremely sensitive to the proton detection efficiency. However, for higher energies and for the reaction on the neutron, the agreement is good. The preliminary re- sults for single and double π 0 photoproduction, i.e. Fig. 1 and 2 show rather different but throughout non-zero contributions to the helicity dependent cross sections. The models show a somehow better agreement with the data in σ 1/2 than with σ 3/2 and as expected a better agreement with the proton than the neutron. Whereas for double π 0 photoproduction the contributions to the individual helicity dependent cross section seems to be rather similar for the proton and the neutron, clear differences for single π 0 photoproduction can be seen. As multiple resonances of a significant coupling to both helicity states are present in both results for single and double π 0 photoproduction, a detailed interpretation is not straightforward.
The direct impact of polarization observables can be nicely seen in the preliminary results for η photoproduction, i.e. Fig. 3 . η photoproduction in the measured energy range is dominated by the N(1535)
− resonance, which can only couple to σ 1/2 and hence is not present at all in σ 3/2 , inducing E 1 close to threshold. The bump-like structure in the cross section on the neutron around 1.68 GeV, is only visible in the helicity dependent cross section σ 1/2 . This puts stringent constraints in its interpretation, as all explanations containing major contributions to σ 3/2 are immediately ruled out. The MAID model, which used a large contribution of the N(1675)5/2 − resonance to explain the narrow structure completely overestimates the σ 3/2 cross section. On the other hand the BnGa model, which uses an interference of the two well-known spin 1/2 N(1535) and N(1650) resonances, nicely describes the narrow structure. However, this solution requires a sign change of the electromagnetic A 1/2 coupling of the N(1650) with respect to previous results. For the proton, an enhancement in the σ 3/2 cross section is visible around W = 1.72 GeV, which is neither produced by MAID nor BnGa. A possible candidate for this structure is the N(1720)3/2 + . In summary, the double polarization observable E and helicity dependent cross sections were extracted for π 0 , 2π 0 , and η photoproduction. The results are very promising and give further input for new partial wave analyses. [13] . Dashed line: MAID model [9] . All results preliminary.
